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FOREWORD 


This  In-house  report  was  prepared  by  personnel  of  the  X-20  Engineering  Office  as  a 
summary  of  the  devel<^mental  efforts  expended  In  utilizing  refractory  metals  on  the 
X-20A,  The  Boeing  Company,  Seattle,  Washington,  accomplished  the  work  under  Contract 
AF  33(657)-7132.  William  Cowle  was  Project  Engineer  for  the  Gilder  Division  of  the  X-20 
Engineering  Office  at  Research  and  Technology  Division,  Wrlght-Patterson  Air  Force 
Base,  Ohio.  The  work  period  reported  Is  from  May  1960  to  the  termination  date  of  the 
program,  10  December  1963. 
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ABSTRACT 


TTve  utilization  of  coaiied  refractory  metaia  as  heat  ahlclda  and  leading  edgea  on  the 
X-20  is  dlBcuBaed.  Peculiarities  and  history  of  the  niaterlala  used,  designs,  developmen¬ 
tal  tests,  and  problems  are  emphasized  In  this  resume.  Molybdenum  alloys  Mo-.5Tl  and 
Mo-.5Tl-.07Zr,  columbluni  alloy  D-36,  a  J  slUclde  coatings  are  discussed  in  relation  to 
their  applicability  and  effectiveness  In  on  X-20  re-entry  environment.  The  practicality  of 
u  heat-protectloo  system  capable  of  resisting  300(f  F  for  long  periods  of  time  Is  deinon- 
strated. 


This  Technical  Documentary  Report  has  been  reviewed  approved. 


Director, 

X-20  Engineering  Office, 
Systems  Hngineei'lng  Group 
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INTRODUCTION 


The  attempts  to  reconcile  the  characteristics  inherent  In  refractory  metals  with  the 
conditions  imposed  by  an  X-20  tyi>e  re-entry  environment  represent  a  pioneering  effort. 
The  pujq^oses  of  this  report  are  to  present  a  general  suinniary  of  that  effort,  give  high¬ 
lights  of  specific  problems,  and  outline  recommendations  that  could  influence  future 
efforts  to  use  refractory  metals  in  re-entry  environments. 

The  general  philosophy  toward  the  thermal  protection  system  for  the  X-20  glider  was 
that  the  major  portion  of  the  re  -entry  heat  was  to  lx;  rejected  by  the  process  of  radiation. 
Aside  from  the  nose  cap,  the  X-20  “hot"  ureas  (areas  that  exceeded  2000‘'F)  would  be  the 
wing  and  fin  leading  edges,  the  bottom  surface  of  the  glider,  and  the  control  aurfaa  s.  If 
the  general  philosophy  were  to  be  applied  successfully,  such  hot  surfaces  of  the  X-20 
glider  had  to  withstand  high  temperatures  approximately  one  hour  and  have  high-emlttance 
characteristics. 

Any  material  used  in  the  thermal  protection  system  for  the  hot  areas  of  the  X-20  would 
have  to  meet  the  following  requirements  which  were  believed  necessary  at  the  1960  initia¬ 
tion  date: 

1.  Have  good  resistance  against  oxidation  at  tempteraiures  of  270O”F  during  re-entry; 

2.  Have  reasonable  strength  at  the  use  temperatures  (at  least  2700“F); 

3.  Have  a  highly  emittlve  surface  (c  =  0.7,  or  better); 

4.  Have  a  good  modulus  of  elasticity  at  room  temperature  and  at  elevated  temperatures; 

5.  Tlicrmal  expansion  should  be  low; 

6.  Creep  charactoristics  should  be  good  through  the  use  tenifxjraturcs,  for  at  least  one 
hour; 

7.  Have  the  ability  to  endure  reix;atedly  the  design  environment  with  retention  of  re¬ 
quired  physical  or  mechanical  properties; 

8.  Have  low  density; 

9.  13c  capable  of  good  elongation  at  room  temixjrature  through  use  teniix;rature. 

Harly  In  the  program,  available  candidate  materials,  along  with  cxidation-protective 
coatings,  were  screeixjd  to  ascertain  how  practical  their  use  would  be  to  withstand  the 
X-2()  environments.  All  of  the  evidence  Indicated  that  refractory  metals.  In  conjunction 
with  a  siliclde  oxldation-proteclve  coating,  would  le  a  Uy,lcal  choice. 


Manuscript  released  by  author  31  March  for  publication  as  a  Technical  Docuirentary 
Report. 
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MATERIALS 


Of  the  refractory  metals  available  at  the  beginning  of  the  X-20  program,  Mo-.5Ti 
(a  molybdenum  alloy),  when  coupled  with  a  sUiclde  oxidation-protection  coating,  was 
the  metal  that  met  nearly  all  of  the  requirements  of  an  X-20  thermal  protection  system. 
Mo-.STl  exhibited  sufficient  strength  and  jjossessed  adequate  creep  resistance  at  the 
Intended  X-20  use  temperatures.  On  the  other  hand,  Mo-.5Ti  possessed  apparent  draw- 
baclcs.  It  had  characteristics  of  brittleness  at  room  temperature,  and  It  was  difficult 
to  machine,  weld,  and  form  without  heated  tooling.  The  adverse  properties  of  Mo-.5TI 
that  would  affect  fabrication  are  given  In  Table  1  where  It  is  compared  to  aluminum. 

As  the  program  proceeded,  and  despite  the  Inherent  brittleness  and  poor  forming 
characteristics,  good  results  were  obtained  when  developmental  components  made  of 
Mo-.STl  were  fabricated  and  tested.  Appreciable  knowledge  was  gained  on  the  properties 
and  parameters  of  reliability  of  the  oxidation-protection  coating.  Early  tests  of  the  slll- 
cide  protective  coating  on  Mo-.STl  pointed  out  the  Importance  of  a  requirement  for  round¬ 
ing  tte  edges  of  all  parts  before  the  application  of  the  first  coating.  The  early  slliclde 
coatings  were  applied  by  the  atmospheric  retort  process  shown  In  Figure  1.  This  process 
did  not  lend  Itself  to  pr«3ductlon  assemblies  or  methods  due  to  the  rather  long  time-periods 
required  for  the  application  of  the  coating. 

In  December  1962,  Boeing  Company  and  the  Air  Force  decided  to  utilize  another  alloy 
of  molybdenum  (Mo-.STl-. 07Zr),  T2JM,  In  lieu  of  the  Mo-.STl  alloy.  In  the  uncoated  state, 
TZM  possessed  obvious  advantages,  as  Illustrated  In  Figures  2  and  3.  In  addition  to  the 
effort  to  use  TZM,  at  this  time,  Boeing  Incorporated  Into  the  program  a  new  production 
coating  facility  that  they  had  developed.  The  facility,  shown  in  Figures  4  and  S,  was  the 
"fluidized  bed,"  which  contributed  substantially  to  advancing  the  state-of-the-art  In 
coating  applications.  The  use  of  the  fluidized  bed  substantially  reduced  the  amount  of 
time  necessary  to  apply  a  coating  and  made  a  more  uniform  and  reliable  sUIclde  coating 
system  possible. 

Paurallellng  the  developmental  effort  on  molybdenum  and  Its  slliclde  coating,  was 
Boeing’s  considerable  effort  on  another  refractory  alloy  -  -  columblum.  Columblum  was 
considered  to  be  ductile,  even  after  coating,  and  was  rated  close  to  aluminum  In  the  ease 
with  which  It  could  be  fabricated.  However,  there  was  no  coating  available  for  use  with 
Colunablum  at  temperatures  above  2500"F.  In  addition,  columblum  exhibited  low  strength 
and  poor  creep  characteristics  at  temperatures  above  2500“ F.  Of  the  columblum  alloys 
that  could  be  made  available  In  the  time-period  required,  D-36  was  selected  as  a  prime 
alloy  for  development.  The  selection  of  D-36  was  based  primarily  on  the  ease  with  which 
the  material  accepted  a  slliclde  coating  and  on  the  relatively  low  density  of  the  material. 

By  early  1962,  the  ccmtractor  had  developed  a  high  emittance  top  coat  that  could  be 
applied  over  the  protective  slliclde  coating  of  the  columblum.  This  development  was 
again  a  substantial  step  forward  In  the  state-of-the-art  for  oxidation-protective  coatings 
for  refractory  metals  and  resulted  In  a  lowering  of  columblum  temperatures,  relative 
to  those  without  the  top  coat,  by  200“F. 

A  topcoat  was  also  developed  for  the  molybdenum  alloys.  However,  since  the  molybde¬ 
num  system  was  already  adequate  from  a  requirements  point  of  view  and  p.ddltIonal  funds 
were  not  available,  implementation  for  the  use  of  the  topcoat  for  molybdenum  was  cur¬ 
tailed  and  eventually  stopped. 
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because  of  the  tremendous  strides  that  were  made  !n  the  state-o.- 


tlie-;  rt  of  refractory  metals  and  their  coatings,  the  capabilities  of  the  available  systems 
of  molybdenum  and  columhiuni  materials  to  withstand  the  X-20  re-entry  environment  were 
firmly  established.  As  a  matter  of  interest,  Figure  6  Illustrates  those  areas  of  the  X-20 
where  TZM  and  D-36  could  be  used  at  the  date  of  contract  cancellation.  In  1960,  all  of 
these  areas  utilized  the  Mo-.5Tl  molylxlenum  alloy. 


More  Bi^eclflc  Information  on  materials  may  be  found  In  Reference  1, 


Fable  1 


Difficulties  of  Fabrication 

Molybdenum  (Mo-.5Tl)  Vs.  Aluminum 

ProcoBs 

Complexity 

Factor  (AL  '  1  us  a  base) 

Cleaning 

5.0 

Chemical  Hlanklng 

10.0 

Machining 

_  -  - 

Shearing 

_  _  - 

Abrasive  Sawing 

2.5 

Bandsaw ing 

2.6 

lidge  Milling 

2.5 

Rudluelng 

2.0 

Coating 

3.5 

F  usion  Welding 

MuchanI/,od 

3.0 

Manual 

— 

Repare 

_  - 

b’ormlng:  (Brake;  Roll,  Joggle;  and 

1  lydro  Press) 

3.0 

Stretch 

1.5 

Hummer  and  Draw 

3.5 

!■' listening 

nrllllng 

5.0 

Reaming 

7.0 

Dimpling 

3.0 

Riveting  (Coated) 

6.0 
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Figure  1,  Atmospheric  Retort  Process 
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Figure  3.  Tensile  Strength  of  Mo-.  5Ti  and  TZM  in  Vacuum 
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Figure  4.  Fluidized  Bed  Process  for  Coating  Refractory  Alloys 
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HEAT  SHIELD 


HEAT  SHIELD  AND  INSULATED  PANEL  DESIGN 

Insulated  panels,  comiwsed  of  a  refractory  metal  surface,  a  hIgh-temperature  insula¬ 
tion,  and  thln-gage  Rene  41  corrugations  were  utilized  In  all  areas  of  the  X-20  glider 
where  temperatures  would  exceed  200(fF.  The  external  portion  of  the  insulated  panels 
was  made  of  small,  overlapped,  coated,  refractory  metal  tiles  mounted  on  refractory 
metal  clips  in  a  manner  that  would  minimize  thermally  Induced  stress.  These  clips  were 
riveted  to  the  external  surface  tiles.  The  assembly  of  attachment  clips  plus  the  tile  is 
commcmly  referred  to  as  a  heat  shield.  Th6  heat  shields  were  bolted  to  Rene  41  super 

3 

alloy  corrugatlone  that  were  protected  by  a  6  Ib/ft  "Q”  felt  Insulation.  This  Insulation 
was  sandwiched  between  the  heat  shield  and  the  corrugation.  A  typical  insulated  panel  Is 
shown  In  Figure  7. 

Aside  from  the  requirement  to  cool  by  radiation,  the  heat  shield  portion  of  the  insulated 
panel  was  used  to  contain  and  protect  tbe  insulation  from  the  high-velocity  air  stream. 
Figure  8  depicts  the  basic  concept  of  the  heat  shield  that  was  Initially  developed  by  Boeing 
so  that  preliminary  thermal  work  and  structural  design  could  proceed.  This  concept  was 
adaptable  to  material  systems  of  either  molybdenum  or  columblum. 

Because  of  the  large  areas  of  the  X-20  surface  that  had  to  be  covered  by  heat  shields,  a 
minimum-weight  design  for  a  flight-type  article  was  required.  Considerable  effort  was  ex¬ 
pended  in  the  design  area  to  define  a  light-weight  heat  shield.  Figures  9  through  15  are 
but  a  few  of  the  heat  shield  designs  that  were  investigated.  Figures  16a  and  16b  show  a 
design  generated  by  the  X-20  Systems  Program  Office.  In  addition,  limited  effort  was  ex¬ 
pended  on  possible  light-weight  refractory  non-metal  heat  shields.  Some  of  these  designs 
are  shown  in  Figures  17  through  20.  The  final  production  design  concept  Is  shown  In  Fig¬ 
ure  21. 

In  the  final  production  design  concept,  the  surface  tiles  possessed  slightly  outward¬ 
facing  corrugations  (approximately  .040  In.  In  depth)  that  were  Intended  to  add  stiffness. 

The  refractory  standoff  clips  consisted  of  four  support  legs  each.  These  legs  were  angled 
to  increase  their  length  and  as  a  result.  Increase  the  conduction  path,  thereby  reducing 
heat  shorts.  The  legs  of  the  clips  were  spread  so  as  to  transmit  more  effectively  the  local 
surface  air  loads  and  to  minimize  the  concentration  of  radiant  energy'  to  the  superalloy 
corrugations.  A  typical  clip  design  Is  shown  in  Figure  22. 

Important  factors,  which  Influenced  the  design  of  the  X-20  heat  shields,  were:  (1)  location 
of  heat  shield;  (2)  emittance  values;  (3)  relative  thermal  growth  between  the  Rene  41  corru¬ 
gations  and  the  refractory  heat  shields;  (4)  aerothermal  requirements. 

(1)  Th€!  heat  shield  location  on  the  vehicle  was  Important  because  the 
Insijlatlon  requirements,  temperatures,  and  pressures  differed  from 
area  to  area. 

Since  the  coating  and,  therefore,  the  emittance  values,  were  changing 
during  the  coating  development  work,  temperatures  and  allowables 
were  adjusted  and  readjusted.  Typically,  conservative  lower  emic- 
tance  values  (curve  1)  of  Figures  23  and  24  were  used  in  heat  shield 
design  due  to  local  unexpected  hotspots;  whereas  the  higher  values 
(curve  2)  were  used  for  calculating  internal  tempx^rature  since  the 
net  effect  of  external  local  hotspots  would  be  negligible  Internally. 
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(3)  'J  lie  relative  tlienruil  growth  Ixitween  tlw  Rene  41  corrugations  and 
tl)e  refractory  lu'at  ahleids  was  conBldered  because  It  particularly 
affected  tlie  gaps  Ixitween  the  heat  shields,  A  peculiar  character¬ 
istic  of  the  X-20  Insulated  panel  ayetein  was  that  during  a  re-entry, 
and  at  maximum  heating,  the  heat  shields  would  grow  together;  while 
later,  during  the  re-entry,  when  the  Ixjat  shields  were  cooler,  the 
jxiax  lieat  flux  to  the  Rene  41  corrugations  would  tx:cur  causing  the 
lieat  shield  gaps  to  oi'Hin.  This  was  due  prlnclj  ally  to  thermal  '  \ 
througli  tlie  felt  Insulation  and  the  relative  rliermal  growth  r- 
acterlstlcs  of  the  two  materials. 

(4)  Aerotliermal  requirements,  such  as  maximum  |xjrmlsslhle  sl^es  of 
of  protrusions,  steps,  gaps,  and  leakage,  were  considered,  niesc; 
requirements  an-  Bixjclflcally  pointed  out  In  Reference  2. 

Generally  H])ealclng,  the  majority  of  the  cohi.nblum  lieat  shleh  a  were  designed  for  tlie  re¬ 
entry  condition.  Molylxlenum  lieat  slilelds  were  tk'ulgned  primarily  for  tlie  lioost  and/or 
ui>proach  phase  of  fllglit. 

DliVlil.Ol'MliNT  Oh'  llliAT  Sllliil.D  AND  INSUl.ATliU  I’ANlil. 

'I'he  development  of  the  insulated  panel  was  ct  ntered  around  the  structural  evaluation  of 
a  jiaiiol  design  that  lncori>oratod  the  following  matorluls:  heat  shield  and  supjiort  clips  -- 
luolylKleilUJii  (Mo-.fiTl)  and  columhluiii  (D-.'Ui)  (b'lgure  25);  Insulation  --  stabllluod  Q-felt 
((piarl/  fllx-'r);  and  support  iiancl  --  Hone  41.  'llio  object  of  this  program  was  to  dev.'lop 
u  coaled,  refractory  alloy  tliorniul  protection  system  tliat  would  be  capable  of  withstanding 
tomiKiraturoH  uji  to  30(X)"1''.  Goneepi  studies  v/ere  centoreii  prliicM'ally  on  the  lieat  shield 
uliown  la  I'lgurc  25. 

A  series  of  6-luch  liy  6-lnoli  and  12-Ineli  by  13-lnch  Mo-. 51*1  Insulated  punols  was  built 
and  tested  under  simulated  l.}yiia-5oar  tlienuaj  and  acoustical  envlronmunts,  'riieue  envl- 
roiiments  (I'lguro  26)  coiislstod  of  a  simulated  re-entry,  three  cycles  from  nxini  tumixM  - 
ature  to  275()‘'l'',  and  a  Iheniial  exposure  to  lUKMf’h'. 

Gf  significant  note  during  (he  testing  wan  the  jtrohlem  of  iiioasurlng  loini'pe futures  of 
slllclde-cualed  lefructory  m  iiorlalH  at  tennK;ralureu  aliove  lh'XJ“l''.  ’llils  was  solved  by 
tlie  development  of  a  iilatlnuin-platliuiiii  rlioiUuni  tlieniuKiouple  attached  to  a  platinum  disc, 
rills  disc  was  flame-s]iarayed  with  alumina  to  iirovent  reaction  with  tlx;  Hlllciile  coaling, 

I'o  cHtahllsh  the  effect  of  material  recryHt.dll/atlou  on  the  ability  of  tlie  p.iiiel  to  resist. 
Hoiilc  exeltalloa,  the  cciiil  r.icli.)!'  aul)J<.'c  <*(,1  ,idtlUk)u;il  panels  to  .in  acoustical  envlroniiieni  of 
152  dl)  overall  foi  5  mtmilea,  tlien  to  275(y’!''  foi-  l.h  iiilnutes,  followed  by  55  minutes  at  152 
dll  overall,  (hen  30  seconds  at  157  db  overall  ami  162  dh  over. ill.  The  .icoustlcal  accelera¬ 
tion  was  random.  Involving  frequencies  from  25  to  7000  ops. 

I'rohlems  c ncountered  during  .dl  of  tlie  testing  were  IIihIUhI  prlm.irlly  to  oxidation 
pltllug,  ot  the  ei'oulun  shield  and  Hoiilc  1  allure  ol  ilu*  .01  2-gage  eundoa  shtelil  HUi'port  clips. 
All  .020  eroaloii  shield  cllim  jiassed  .ill  sonic  testing.  No  oxidation  failures  occurred  during 
the  Initial  simulated  re-entry  Ikmi  cycle. 

The  I'v.du.itlon  of  the  InlerHecUon  of  .i  series  of  erosion  shields,  under  coiulltlons  of 
lilg.h  teiMiH* I'aturo,  high  .ilr-flow  velocity,  an  I  tr.insve isir  pressure,  taMpilrod  tlx'  lU'velop- 
Uitnit  of  a  m.ijor  f.icllliv.  I  he  i  vix's  of  |>rohli*niH  retiul  ring  einid  ric.d  e  v.iluatlon  iindiM  tlu'se 
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environments  were:  free  edge  deflection  under  combined  temperature  gradients  and  loads; 
Internal  eroslcm  of  the  Insulation;  boundary  layer  leakage  Into  the  Insulation  cavity  which 
could  result  In  excessive  Insulation  and  Rene  41  temperanires;  and  oxidation  in  an  environ¬ 
ment  Involving  approximate  flight  temperature,  pressure,  and  moving  air  mass. 

A  one-megawatt  plasma  jet  tunnel  was  developed  by  the  contractor  to  test  Insulated 
panels  under  the  above  mentioned  conditions.  This  facility  v/as  used  to  test  a  series  of 
4-Inch  by  10-Inch  test  specimens  (representing  the  Intersection  of  four  erosion  shields) 

In  the  environment  shown  In  Figure  27. 

Detailed  Information  on  the  development  of  the  heat  shield  and  the  insulated  panel  can  be 
found  In  Reference  3. 
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Figure  8.  Basic  Heat  Sl.ield  Concept 
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Figure  9.  Molybdenum  Heat  Shield  Concept 
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Figure  10.  Molybdeoum  Heat  Shield  Concept 


Flguf.-e  11.  Molybdenum  Heat  Shield  Concept 
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Figure  15.  Columbium  Heat  Shield  Concept 
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Figure  17.  Ceramic  Lower  Surface  Panel 
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Figure  19.  Graphite  Lower  Surface  Panel 
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Figure  20.  Graphite  Skin  Panel 
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Figure  Zb.  Radiant  Heat  EnvlroDment  for  Heat  Shield  Development  Tests 
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LEADING  EDGE 


LEADING  EDGE  DESIGN 

The  X-20  leading  edges  were  composed  of  thin  shells  fabricated  from  molybdenum  and 
protected  by  an  oxidation-resistant  coating.  They  were  segmented  and  possessed  no  lon¬ 
gitudinal  structural  continuity  and,  therefore,  did  not  contribute  to  the  overall  strength  oi 
the  vehicle. 

The  configuration  of  the  leading  edge  that  received  appreciable  study  was  a  double-shell 
desl^  constructed  with  Inner  shells  approximately  3  Inches  In  width,  which  had  die  formed 
stiffening  beads  to  carry  all  pressure  and  inertia  loads.  Additional  sheUs,  also  3  Inches 
In  width,  were  staggered  over  the  load-carrying  sbeUs  ar. rJ  shingled  In  the  downstream 
direction  to  provide  aerodynamic  smoothness,  partial  sealing  and  coating  redundancy.  All 
riveting  was  eliminated  so  as  to  obtain  maximum  protection  from  the  coating.  A  sketch  of 
the  double-shell  design  Is  shown  In  Figure  28. 

The  leading  edge  shells  were  attached  to  a  Rene  41  leading  edge  beam  with  frequently 
spaced  bolts.  The  large  number  of  attachment  points  minimized  adverse  effects  from  the 
b<x>8t  sonic  environment  and  reduced  stress  levels  In  the  refractory  alloy  shells.  The 
attachments  In  the  cooler  areas  of  the  leading  edges  were  superalloy  bolts,  but  those  ex¬ 
posed  to  temperatures  above  200CfF  were  of  refractory  metal. 

During  flight,  the  X-20  leading  edge  components  would  be  subjected  to  sonic  vibration 
and  Inertia  loa^;  however,  local  air  pressure  loads  constituted  the  major  source  of  me¬ 
chanical  loading.  The  magnitude  and  distribution  of  this  alr-loadlng  was  a  function  of  the 
flight  corridor  through  subsonic,  transonic,  and  hypersonic  speed  ranges.  Airloads  of  the 
greatest  magnitude  occurred  during  transonic  flight,  however,  air  loads  during  hypersonic 
flight  were  associated  with  high  structural  temperatures  and  were  the  most  critical. 


Except  for  the  nose  cap,  the  leading  edges  of  the  glider  had  to  withstand  higher  heating 
rates  than  any  other  portion  of  the  X-20  vehicle.  The  difference  In  coefficients  of  thermal 
expansion  and  differences  In  temperature  of  the  leading  edge  and  leading  edge  Rene  41 
beam  dictated  that  the  leading  edge  be  attached  with  freedom  In  the  Icmgltudlnal  direction. 
Transverse  differential  thermal  growth  was  accommodated  by  shell  flexing.  A  blanket  of 
Insulation,  which  completely  covered  the  frcmt  face  of  the  corrugated  leading  edge  beam 
and  any  exposed  fasteners,  protected  these  components  from  the  back  face  radiation  of 
the  hot  leading  edge. 

Since  the  leading  edges  were  subjected  to  an  environment  that  combined  loads  and  high 
temperatures,  a  thorough  analysis  of  both  thermal  and  load-induced  stresses  was  required. 
The  fact  that  maximum  thermal  stresses  and  maximum  load-induced  stresses  do  not  occur 
simultaneously  suggested  that  separate  analyses  be  performed  for  each  type  of  stress  at 
several  design  conditions  to  find  the  critical  design  stress.  In  a  restrained  or  loaded  beam 
with  thermal  gradients,  the  thermal  strains  of  free  beam  were  computed  separately  from 
the  strains  due  to  restraints  or  loads  and  then  combined  algebraically.  The  combination  is 
accomplished  by  adding  the  strains  at  limit  and  at  ultimate  load.  The  structure  was  not 
allowed  to  yield  at  limit  load  nor  fall  at  ultimate  load.  The  stress  level  was  determined 
from  the  total  strain.  The  strains  may  be  combined  provided  buckling  Is  not  a  considera¬ 
tion,  This  restriction  was  valid  for  the  X-20  leading  edges. 
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Late  in  1963,  the  leading  edge  concept  was  changed  from  the  aforementioned  double- 
shell  concept.  The  reason  for  this  change  is  explained  In  the  section  on  Problems,  The 
most  recent  leading  edge  concept  Is  shown  in  Figure  29.  The  concept  was  a  t’ingle-shell 
design  with  Integral  chemical  milled  stiffeners.  Attachment  mechanisms  of  columblum 
were  to  be  employed.  More  detailed  Information  on  leading  edge  development  tests  can 
be  found  In  Reference  4. 

LEADING  EDGE  DEVELOPMENT 

The  development  program  for  the  refractory  alloy  leading  edge  was  directed  principally 
toward  determining  and  Improving  the  following:  (1)  an  adherent  oxidation- resistance 
coating  capable  of  withstanding  temperatures  to  300(fF;  (2)  the  design  and  evaluation  of 
an  attachment  scheme  that  would  be  adequate  for  load  and  sonic  environments  but  would 
not  impose  excessive  restraint  for  differential  thermal  growth  between  the  leading  edge 
segments  and  the  leading  edge  beam;  snd  (3)  sea^’ng  requirements. 

Five  leading  edge  concepts  (Figure  30)  were  designed,  built,  and  tested  under  tempera¬ 
ture,  load,  and  acoustical  excitation.  From  the  tests,  the  various  designs.  Including  their 
ability  to  be  coated,  were  evaluated  structurally.  Pertinent  design  details  of  each  concept 
are  as  follows: 

Concept  I  -  .051  Mo-,5TI  unstIffened  shell  12  inches  long, 
attachment  by  bolts  In  oversized  holes; 

Concept  n  -  .040  Mo-.5Tl  12-lnch  long  shell,  riveted  comer 
reinforcement,  and  attachment  by  tUtlng  bolts; 

Concept  III  -  .030  Mo-.5Tl  long  shell  with  .030  Mo-.5Tl  riveted 
stiffeners,  and  attachment  by  tilting  bolts; 

Concept  IV  -  .012  Mo-.STl  outer  shell  with  .030  Mo-.5TI  beaded 
Inner  shell  with  an  0.40  Mo-.5Tl  comer  reinforce¬ 
ment,  and  attachment  by  flexible  lugs  (specimen 
was  12  Inches  long); 

Concept  V  -  .012,  Mo-,5TI  outer  shell  overlapping  an  .030 

Mo-.STI  beaded  Inner  shell  with  ,030  comer  re¬ 
inforcement,  3-lnch  long  segments,  and  attach¬ 
ment  by  bolts  In  standard  size  holes. 

Each  of  the  concepts  was  subjected  to  the  thermal  and  acoustical  environments  shown 
In  Figure  31.  All  concepts  survived  the  test  envlrooments  without  sustaining  structural 
damage.  Oxidation  was,  in  general,  limited  to  local  pitting  and  did  not  significantly  alter 
the  structural  Integrity  of  the  parts. 

After  the  thermal  and  acoustical  tests,  each  concept  was  loaded  at  room  temperature, 
using  a  radially  applied  load.  All  concepts  carried  a  load  greater  than  100  percent  of  the 
calculated  static  failure  load. 

In  formulating  a  refined  design,  various  features  from  each  of  the  original  five  designs 
were  Incorporated.  The  end  result  was  double-shell  design  (Figure  32).  Comer  gussets 
were  riveted  as  shown.  The  attachment  was  by  TZM  bolts  in  standard  size  holes.  This 
concept  was  not  tested  due  to  a  fabrication  problem  mentioned  later  In  this  reporr. 
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Because  leading  edge  leakage  could  affect  the  temperature  of  the  leading  edge  beam,  an 
empirical  evaluation  of  the  leading  edge  sealing  concept  was  necessary. 

A  plasma  jet  with  a  shroud-nozzle  (Figure  33)  that  envelops  a  full-scale  leading  edge 
was  developed.  It  was  capable  of  generating  structural  surface  temperatures  to  30(XfF 
and  associated  dynamic  pressures  to  approximately  1  psi.  This  facility  was  also  used  to 
test  the  silicide  coating  for  oxidation  In  high  temperature  and  high-velocity  air.  Figure  33 
also  presents  a  cross  section  of  the  Mo-.5Tl  leatog  edge  tested  in  the  plasma  tunnel 
shroud.  Basic  construction  of  the  leading  edge  was  an  .020  beaded  inner  shell  with  a  Joint 
overlapping  tl)e  .012  outer  shell.  Figure  34  presents  the  pressures,  temperatures,  and 
leakage  rates  versus  time  obtained  during  the  tests  In  the  plasma  shroud  nozzle  facility. 
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Figure  29.  Chem  Milled  TZM  Leading  Edge 
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Figure  32.  TZM  Double-Shell  Leading  Edge  Development  Concepts 
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PROBLEMS 

As  Is  well  known,  refractory  materials  rarely  have  been  used  In  aircraft  design  and 
have  never  been  used  on  a  scale  approaching  that  necessary  for  the  X-20.  It  was  to  be 
expected,  therefore,  that  this  pioneering  effort  In  refractory  material  design  and  fab¬ 
rication  would  Introduce  many  new  problems.  Some  of  the  more  significant  of  these 
problems  are  presented  In  the  following  paragraphs. 

In  early  1962,  the  use  of  refractory  metals  on  the  X-20  was  being  questioned.  This 
occurred  after  a  numbt^r  of  tests  on  the  slllclde-coated  refractory  metal  specimens  had 
been  accomplished  at  re-entry  temperatures  In  a  reduced  pressure  environment.  The  pro¬ 
tective  properties  of  the  slllclde  coating  were  severly  limited  and  were  time-dependent 
In  an  environment  of  high  temperature  and  reduced  pressures. 

In  response  to  this  potentially  serious  problem,  the  contractor  developed  and  buUt  the 
envlronn.ental  simulator,  shown  In  Figure  35,  which  permitted  testing  of  slllclde  coatings 
In  a  X-20  re-entry  environment.  These  tests  substantiated  that  the  effectiveness  of  the 
slllclde  coating  protective  mechanism  was  appreciably  reduced  at  partial  pressure  on 
both  the  molybdenum  and  columblum  alloys  but  was  still  adequate  to  survive  the  most 
severe  of  X-20  type  re-entries.  From  these  tests,  the  life  capability  curves  of  Figures  36 
and  37  were  derived. 

Tolerance  control  was  found  to  be  a  problem  during  the  fabrication  of  a  refractory 
metal  heat  shield.  This  was  particularly  true  of  the  standoff  clip  heights.  This  problem 
was  solved  through  the  use  of  shims  for  positive  tolerance  control. 

In  the  latter  part  of  1963,  Boeing  attempted  to  build  a  flight-type  coated  TZM  leading 
edge  (double-shell  concept  shown  In  Figures  28  and  32).  This  attempt  did  not  succeed. 
During  the  fabrication  of  this  article,  TZM  parts  warped  while  undergoing  tte  first  appli¬ 
cation  of  the  coating  In  the  fluidized  bed.  Apparently,  relaxation  and/or  stress  relieving 
was  occurring. 

During  the  fabrication  sequence  of  refractory  metal  components,  the  first  of  two  coat¬ 
ing  operations  occurs  after  part  “fIt-up”  has  been  accomplished;  and  as  a  result  of  the 
warpage,  subsequent  part  fIt-up  during  assembly  requires  forced  fitting.  Due  to  the  brittle 
nature  of  coated  TZM,  leading  edge  parts  were  being  fractured  during  assembly.  To  solve 
this  problem,  the  contractor  started  work  on  a  simplified  single  shell  leading  edge  concept 
(shown  In  Figure  29)  and  Investigated  various  aspects  of  the  techniques  for  fabricating  mo¬ 
lybdenum,  such  as  hot  resizing,  control  of  grain  size,  and  shot  peenlng.  Of  these,  hot  re¬ 
sizing  of  parts  after  the  first  coating  cycle  was  thought  to  be  the  best  solution  to  the  prob¬ 
lem. 

An  attempt  to  fabricate  the  simplified  leading  edge  (shown  In  Figure  29)  ended  when  the 
program  was  terminated. 

In  the  summer  of  1963,  analysis  showed  that.  In  particular  areas,  deflections  during 
boost  of  the  X-20  forward  wing  primary  structure  were  causing  excessive  rotation  and 
vertical  motion  of  the  leading  edge  segments.  These  movements  were  of  such  magnitude 
that  interference  was  occurring  with  adjacent  leading  edge  segments.  To  solve  this  prob¬ 
lem,  the  contractor  initiated  a  redesign  effort  on  the  X-20  forward  wing  and  initiated 
planning  for  a  component  test  involving  an  aft  section  of  the  X-20  wing  and  leading  edge 
segments  and  backup  structure  (shown  in  Figure  38).  Due  to  the  problems  In  funding  the 
program,  the  test  of  the  wing  component  was  cancelled  eventually.  At  the  time  the  pro¬ 
gram  terminated,  this  problem  was  not  entirely  solved. 
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Figure  35.  Environmental  Simulator 
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CONCLUSIONS 


The  state-of-the-art  in  high-temperature  heat-protection  systems  and  in  utilization 
of  refractory  metal  was  advanced  greatly  during  the  life  of  the  X-20  program.  A  heat- 
protection  system  capable  of  resisting  3000"F  for  long  periods  of  time  was  developed. 
A  production  facility  for  coating,  which  produced  uniform  and  reliable  coatings,  was 
developed  and  utilized.  A  test  facility,  which  tested  coated  refractory  specimens  under 
conditions  of  high  temperature,  reduced  pressures,  and  mass  flow,  was  developed  and 
utilized. 


RECOMMENDATIONS 


1.  Because  of  the  Interplay  between  the  refractory  base  metal  and  the  sUlcIde  coating  and 
the  resultant  detrimental  effect  on  the  properties  of  base  metals,  the  combination  of  ma¬ 
terial  and  coating  should  be  Investigated  as  a  system,  not  Independently  of  each  other. 

2.  The  Investigation  of  the  oxidation  behavior  of  sUIcIde  coatings  on  refractory  metals 
for  re-entry  applications  should  be  accomplished  in  reduced  pressure  environments. 

3.  The  problems  of  manufacturing  should  be  considered  when  coated  refractory  metal 
components  are  designed.  Early  fabrication  and  testing  of  proposed  flight-type  designs 
should  be  accomplished  so  as  to  eliminate  excessive  design  development. 

4.  Ductile  coated  refractory  metals,  such  as  tiie  advanced  columblum  alloys  and  tantalum 
alloys,  should  be  Investigated  as  substitutes  for  molybdenum  alloys. 

5.  Due  to  the  brittle  nature  of  the  coated  refractory  metal  system,  this  type  of  heat  pro¬ 
tection  system  should  be  utilized  only  with  a  basic  structure  that  exhibits  smiall  deflections 
under  conditions  of  load  and  thermal  environments. 
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